This paper introduces the benefits of exploiting elasticity in the
Introduction
1.1 Motivation: Minimally Invasive Surgery. Minimally invasive surgery ͑MIS͒ has revolutionized surgery by allowing operations to be conducted through incisions of a few millimeters utilizing thin, flexible instruments with rigid end effectors. Such operations lead to shorter hospital stays, less cost, and less scarring. Minimally invasive implies a set of surgical techniques in which special instrumentation allows surgeons to perform complicated operations via small incisions in a patient's side, rather than through large cavities, as in traditional open surgery. These procedures include spine, gallbladder, kidney, and liver operations. Laparoscopy combines these instruments within a narrow, flexible, fiberoptic tube, allowing the surgeon to examine the abdominal cavity for signs of disease or abnormality. If necessary, material can be taken for a biopsy or relatively minor surgery performed, without the need for fully invasive surgery. Laparoscopic techniques result in myriad positive effects:
• 47% reduction in patient pain ͓1͔, resulting in lower medication costs • 36% less blood loss ͓2͔, reducing the need for transfusions • shorter hospital stays ͑49% in fundoplication ͓3͔, 70% in spinal surgeries ͓1͔ to 75% in prostatectomy ͓4͔͒, freeing vital hospital bed-space • less scarring ͓1,2,5͔
• less time to full recovery ͓1,2,5͔ • better preservation of immune system function ͓6͔
The extreme spatial constraints inherent to MIS inhibit the functionality of conventional instrumentation. The instruments utilized in MIS generally consist of small, rigid components connected by mechanical hinge joints, which are linked by an actuation handle via long tendon wires or push rods. This type of instrument design has a number of disadvantages for the surgeon, including decreased dexterity ͑only four degrees of freedom͒, nonintuitive instrument control, poor vision, reduced force feedback, and poor ergonomics, which lead to compromises in surgical technique ͓7͔.
Complex movements, such as laparoscopic suturing, are thus extremely challenging and have a long learning curve. This has limited the variety of operations that can be completed with MIS.
In an attempt to overcome these drawbacks, robotic systems allowing humanlike dexterity and providing a high-quality threedimensional endoscopic image have been developed ͓7͔. One machine, in particular, the daVinci system ͓8-10͔, offers an important advantage in the dexterous wrist of its tools, making manipulation in tight quarters far superior to traditional laparoscopic tools. Although these robotic instruments have six degrees of freedom of movement ͑meaning that they have joints that can move in a manner similar to the human wrist͒, they have a number of limitations, such as lack of haptic force feedback, cumbersome size and weight of the system, and a cost of more than $1 million per system ͓7͔.
Surgical instruments based on compliant mechanisms offer a number of potential advantages over traditional MIS instruments and the current robotic systems. Compliant mechanisms incorporated into MIS instruments enable precisely controlled completion of complex movements with natural or intuitive hand movements and haptic feedback. The monolithic nature of compliant mechanisms also has the advantage of no wear debris, no pinch points, and no lubrication, all of which are critical in the sensitive internal environment of the body. In addition, monolithic design simplifies the manufacturing and sterilization processes. Another advantage of compliant instruments is the built-in return spring action; a surgeon need only provide force in one direction to operate the device in both. At the same time, the spring action complicates the issue of force feedback. The surgeon will feel both the cutting/ grasping force of the operation and the stiffness of the tool at the same time and may have difficulty differentiating between them. Although it is possible to train a surgeon to account for the additional feedback force, we also propose to take advantage of the unique sensing capability that compliant mechanisms offer. Distributed compliance allows for low-cost integration of highfidelity embedded sensing, which can be combined with a haptically controlled user interface that virtually subtracts the structural stiffness and delivers only the tactile forces to the operator.
Background: Compliant Mechanisms.
Designs in nature are strong but not necessarily stiff; they are compliant and often have embedded actuation and sensing capabilities. Engineered devices, on the other hand, are traditionally designed to be strong and stiff. By assuming individual components to be infinitely rigid, engineers create complex assemblies to perform electromechanical functions and then deal with problems due to wear, backlash, and noise in order to meet precision, cost, and reliability requirements. Furthermore, actuators and sensors are integrated as an afterthought. However, many practical benefits can be realized by exploiting elasticity with a unique opportunity to create monolithic compliant mechanisms with embedded sensing and actuation.
A compliant system is comprised of jointless, monolithic, flexible mechanisms with integrated actuation. The term compliant mechanism refers to a larger field that includes living hinges and flexures. Our group recognizes the benefits of fully compliant design and has pioneered this technology over the past 12 years. Our definition of a compliant mechanism is a device that uses the distributed compliance of its structure to achieve mechanical tasks, such as force/motion transmission, without the use of conventional mechanical joints or living hinges. The principle of compliant design scales well, making these mechanisms suited for applications at micro-, meso-, and macroscales. We have specialized in developing the concept of distributed compliance in product design and several design methods for synthesis of compliant mechanisms ͓11͔. A pictorial summary of one such design method ͑Fig. 1͒ illustrates how a compliant gripper is created algorithmically. Starting with functional requirements of desired forces and displacement ͑frame, 1 in Fig. 1͑a͒͒ , a conceptual design is automatically created in Stage I topology synthesis ͓12͔. First, the design domain is specified, i.e., physical space limitations for the mechanism are set. The space is parametrized so that it can be mathematically represented. A network of numbered beam elements initially fills the design space as shown in frame 2 of Fig  1͑a͒. In frame 3 of Fig 1͑a͒, the design intent and energy distribution requirements are captured in an objective function. Then an optimization method, such as sequential linear programing ͑SLP͒, or a nonlinear method, such as a genetic algorithm ͑GA͒, is employed to modify the parametrized structure until the objective function is satisfied. The optimization algorithm identifies a subset of beam elements that are needed to satisfy the prescribed input/ output force and displacement functions. A mechanism topology results, indicating how many elements the structure has and how they are interconnected ͑frame 4 of Fig 1͑b͒͒. Based on material constraints ͑permissible stress, strain͒, fabrication constraints ͑minimum feature size, etc͒, external loads, and desired mechanical advantage, the exact size, shape, and geometry of each of the beam elements are optimized in Stage II ͓13,14͔. Here, topology does not change; rather, the node locations and beam dimensions are allowed to vary during optimization ͑frame 1 of Fig 1͑b͒͒. Through this second-stage optimization, the mechanism performance is fine-tuned in terms of geometric advantage ͑motion amplification͒ and/or other performance metrics, by incorporating additional constraints in the optimization algorithm. The software yields an optimal structure ͑frame 3 of Fig. 1͑b͒͒ , which is physically interpreted by the engineer and fabricated ͑frame 4 of Fig 1͑a͒͒. At least one other group has explored use of compliance in the design of surgical tools. Frecker and colleagues have designed and fabricated several laparoscopic instruments, each a variation of a compliant gripper end effector integrated with a different active-material actuator: a piezoelectricinchworm-actuator-driven gripper ͓15͔, piezoelectric bimorph grasping fingers ͓16͔, and segmented electroactive polymer ͑EAP͒ actuators for dexterous steerable beams ͓17͔.
Design Methodology
The design of a compliant mechanism involves three main aspects: ͑i͒ topology: the connectivity of material, ͑ii͒ size: the cross-sectional area of each segment, and ͑iii͒ geometry: the orientations of the connecting segments and locations of the junctions. Several systematic design methods have been developed previously in the Compliant Systems Design Laboratory ͑CSDL͒ ͓11-14͔, using the two-step approach illustrated in Fig. 1 . The topology design is treated as a layout optimization problem to search for the optimal material arrangement and connectivity within a given design domain. The design domain must be broken down in such a manner that it can be parametrized and mathematically represented in a systematic fashion. The size and geometry of a given topology can be further optimized to improve functional performance. This second step is typically termed as dimensional synthesis.
The load-path representation method ͓18,19͔ was recently developed to address certain issues of ambiguity ͑if certain elements should be part of the topology or should be removed, i.e., gray areas͒ and disconnected structures ͓19,20͔. The load-path representation method is a unique design approach that integrates all three design aspects of the compliant mechanisms into a unified process by implementing a novel design-space parametrization. Transactions of the ASME That is, the topology, size, and geometry of the compliant mechanism can be synthesized simultaneously in one automated process without any user intervention. The load-path representation also ensures structural connectivity, and the resulting designs are free of ambiguity. This section provides an overview of the load-path representation method and the optimization problem formulation. The design method is applied to two design examples, which provide the basis for the compliant kidney gripper design in Sec. 3. More examples and details about the load-path design method can be found in Lu ͓18͔.
Load-Path Representation Method.
In the load-path representation, the compliant mechanism topology is treated as a graph. The compliant gripper from frame 1 of Fig. 1͑a͒ is shown again to demonstrate that all structures are comprised of load paths ͑Fig. 2͑a͒͒, and that the load paths can be represented as a graph ͑Fig. 2͑b͒͒. ͑This depicted structure is not to be confused as a starting point for the design process. This approach does not begin with any predetermined designs or starting points; there is only the empty, parametrized design space.͒ As seen in Fig. 2 , the linear segments are the edges of the graph and the junctions of the segments are the vertices. Vertices are rigid connections between the edges; they offer no degrees of freedom in themselves. The degrees of freedom for motion come only from the deflection of the edges ͑beams͒. The basic requirement of a valid compliant mechanism is that there must be physical connections between the input actuator, output end effector, and ground supports to allow transmission of force and motion. In other words, there must be a load path between every pair of these essential ports ͑input, output, and ground support͒ to ensure a well-connected topology.
The load-path representation, therefore, utilizes paths between essential ports to describe compliant mechanism topologies. The paths are expressed in terms of a series of vertices along adjacent edges. When multiple paths go through the same vertex, the paths form an intermediate connection. Thus, the vertices can be categorized into four classes: ͑i͒ input port where the actuator is located, ͑ii͒ output port to where the desired force and motion are transmitted, ͑iii͒ ground support ͑fixed points͒ where the compliant mechanism is anchored, and ͑iv͒ intermediate connection ports where paths are physically connected. Figure 3 illustrates the connectivity concept in load-path representation. A load path must start and end at two different classes of essential ports, thus three types of paths can be established: pathInOut, pathInFix, and pathFixOut. A path can go directly from one essential port to another or go indirectly through intermediate connection ports before reaching the destination.
By expanding the connectivity concept in Fig. 3 , various topologies can be created. Figure 4 shows two example designs with identical topology, but different intermediate connection port locations. The path sequences of both designs are shown in Table 1 . All four intermediate connection ports ͑vertices 5-8͒ are allowed to move within the common design domain ͑dashed line͒ to vary the shape and geometry of the compliant mechanism. In addition to the path sequence and intermediate connection port location, other variables include the presence of each path and the segment cross-section dimensions. A brief discussion of these variables will be presented in Sec. 2.2. Interested readers should refer to Lu ͓18͔ for more in-depth discussions.
Optimization Problem Formulation.
Based on the connectivity concept shown in Fig. 3 , various designs can be generated and evaluated to find the design͑s͒ that fits the need of the desired function. This is accomplished through optimization. The objective function is problem specific, depending on the application of the compliant mechanism. For surgical end-effector applications, formulations focusing on the performance of the output point can be incorporated, such as maximizing MPE ͑mutual potential energy͒ ͓12͔, which maximizes output displacement based on a given input actuator, or maximizing energy efficiency ͓13͔, which maximizes energy throughput from the actuator to the output port. For end effectors with larger contact area with the object, the curvature along the gripping site would be important. For such applications, the least-squares error ͑LSE͒ formulation ͓18,20͔ can be used to match a desired profile.
The design variables in the load-path representation method include path sequence ͑pathSeq͒, presence of a path ͑pTop͒, crosssection dimensions of the segments ͑pDim͒, and locations of the intermediate connection ports ͑portLocation͒. They are summarized in Table 2 . The path sequence and presence of a path determines the material connectivity, hence, the topology of the compliant mechanism. The cross-section dimensions control the stiffness of the segment, whereas the intermediate connection port determines their lengths and orientations. Therefore, the topology, size, and geometry aspects are simultaneously addressed in the load-path representation method. shows how a path is included in or excluded from the topology graph. Each segment along the path is modeled as a beam element with cross-section dimension described by pDim to structural deformation calculation in finite element analysis ͑FEA͒. When pTop is zero, the path is eliminated from the graph as well as from the finite element mesh. Equation ͑5͒ constrains the intermediate connection ports to move within a prescribed region. Equation ͑6͒ ensures the connection between the input and output ports, and Eq. ͑7͒ ensures that the compliant mechanism is grounded at least at one point. Equation ͑8͒ ensures structural equilibrium when the structural deformation is calculated in FEA. Equation ͑9͒ is the stiffness constraint that limits the maximum output displacement under external loads when the input is held fixed. Finally, Eq. ͑10͒ prevents structural failure due to yielding and buckling.
An optimization method ͑or search algorithm͒ that can handle mixed variables should be adopted because of the presence of discrete and continuous variables in the problem in Table 3 . Among various search methods that have been applied to structural optimization, a genetic algorithm ͑GA͒ ͓21,22͔ is one of the most commonly used methods. Since it does not require gradient information, the search jumps between different regions in the solution space and is more likely to locate the global optimum. GA also offers a useful tool for designers to identify various design alternatives by simultaneously evolving a group of designs. The GA starts with a population of randomly generated designs. Each design in the population is evaluated based on the objective function. Parent designs are then selected from the current population, based on "survival of the fittest," to create offspring designs for the next generation. Offspring designs are created through two genetic operations: crossover and mutation. Design variables of the parents are exchanged and mutated in these operations to generate new and potentially improved designs. Details regarding the genetic operation rules can be found in Lu ͓18͔. Readers interested in GA, in general, should refer to Goldberg ͓22͔.
Design Examples: Macroscale Compliant Grippers.

Maximizing Output Displacement.
The design goal is to create a compliant mechanism that deforms to grasp an object and 
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Transactions of the ASME has appropriate stiffness to withstand the reaction forces upon gripping the object. In this example, the objective is to maximize MPE ͑mutual potential energy͒ and the gripper is expected to work against an 8 N external force opposing the desired output motion. MPE is chosen because it maximizes output displacement for a given input displacement, which may be important when working with actuators that provide high forces but low displacements. Other objective functions may be selected for the cases of hand-operated devices or ultraprecision tool motion ͑enhancing the available actuator/human precision͒. Figure 5 shows the design domain and boundary conditions, including the 2 mm input to the left at ͑50,0͒ and two ground supports located at ͑10,30͒ and ͑0,40͒. The design domain bounded by the dotted lines is the region where the intermediate connection ports are allowed to wander. Eight intermediate connection ports are used in this example. The gripper is designed to be symmetric about the x-axis, so that the output ends will deform toward the x-axis upon actuation and grasp an object located at ͑100,0͒. Only the upper half of the design domain is modeled with a single output point located at ͑100,20͒.
The GA started with 120 randomly generated designs and evolved for 50 generations. The result ͑Fig. 6͒ was obtained within 1 min. The final design has an output displacement of 14.75 mm, maximum stress of 27.84 MPa, and a required input force of 7.77 N. An ABS plastic prototype created on a Stratasys FDM3000 rapid prototyping machine is shown in Fig. 7. 
Minimizing Least-Squares Error.
A second gripper example is presented in which a desired gripper profile is specified. The objective is, therefore, to minimize LSE between the deformed gripper shape and a desired curve profile. The curves in Fig. 8 represent the "finger" on the gripper in its un-actuated initial shape and the desired target profile. The gripper is grounded on the left. A displacement input of 8 mm to the left is applied at ͑25,38͒, and the gripper is expected to work against a 5 N external load opposing the desired output motion. An additional sliding ground support is located at ͑20,41͒. Four intermediate connection ports are used in this example; their locations are only allowed to vary within a small region to prevent interference at the gripping site.
The GA started with 100 randomly generated designs and evolved for 100 generations. The result ͑Fig. 9͒ was obtained within 1.5 min. The output deflection is 8.55 mm downward and the required input force is 33.5 N. This topology in this example provides the basis in creating the compliant kidney gripper presented in Sec. 3 3 Compliant Kidney Manipulator 3.1 Motivation. One of the limitations in telerobotic, laparoscopic surgeries is the lack of means to position and manipulate a solid organ, such as a kidney, liver, or pancreas. To perform such a task, an instrument must pass through an incision of ϳ1.5 cm dia, and then expand to grasp and manipulate organs 5-15 times larger. The severity of these geometric constraints has prevented the prior implementation of such a device. Because telerobots are not yet equipped with such instruments to safely handle organs, manipulation is currently performed by an aide wielding two positioning rods for the duration of the surgery-a tiring and accident-prone process that can increase procedure time. The other option is to make an incision in the patient's side large enough for the surgeons hand to fit ͓23͔. Either situation is harmful, cumbersome, and lengthens the time required to complete the operation. These side effects serve to increase recovery time, directly opposing the purpose of laparoscopic surgery.
The University of Michigan Hospital has been exploring the realm of laparoscopic surgery with Intuitive Surgical's daVinci System ͓8,9͔. The objective is to develop a device that can safely and securely grasp a solid organ, integrated within one of the robotic arms of the system. Furthermore, a solid organ manipulator brings the surgical procedure a step closer to being under complete control of the surgeon.
Methodology.
The design presented in this section was developed concurrently with the development of the synthesis method of Sec. 2. Therefore, we could not take advantage of the finished methodology, but proceeded with newly learned insights to demonstrate how well the kind of distributed compliance designs that result from our general methodology can perform in medical applications. Intuition is combined the previous results to generate an initial topology starting point. We capture the idea of a cantilever with connected members opposed in tension and compression, thus creating a moment and an end deflection.
Design Constraints.
The dimensional constraints that a potential organ manipulator must satisfy are severe. To be incorporated into laparoscopic surgery, the gripper has to fit through a 1.5 cm dia incision. Once inside the body, it has to expand to securely hold an entire organ that could be as large as 7 cm dia and as long as 12 cm. There is about 3-5 cm of additional space immediately around the kidney, constraining the motion and size of the grippers. The device also must be able to span the gap between the body wall and the resting location of the kidney, a distance of approximately 16-18 cm that results from the injection of CO 2 into the body for visibility and workspace purposes.
The design must also meet strength ͑failure͒ and safety constraints. The human kidney has an estimated average mass of 100 g. The kidney manipulator must be able to securely hold this in any position, with a safety factor of at least 2. The gripping surface must have a large area in contact with the kidney to reduce the stress caused by manipulation. The grasping surfaces must be designed to be at least 6 cm long to ensure stability. Sharp external edges must be eliminated as well to avoid lacerations to any part of the patient.
Results and Operation.
The resulting device ͑Fig. 10͒ is a three-fingered, fully compliant, monolithic, seven-degree-offreedom mechanism designed to grasp and manipulate the kidney from an external input. The details of the design process are given in the Appendix A. A 15 mm dia hollow tube encapsulates all three fingers. During the surgical procedure, the tube enters the body cavity with fingers contained within the 15 mm dia space ͑Fig. 11͒. As the tube is retracted by another integrated actuator the three fingers automatically self-deploy back to their nominal position ͑Figs. 12 and 13͒. Each finger is powered independently by two external actuators for precise control of its position and grasping force. The compliant grippers serve to securely grasp the organ during manipulation; position and the orientation are controlled by externally translating or rotating the position of the entire device. Figure 14 shows a more detailed overview of this process, with the actual, fabricated prototype. The device is also fitted with a quick-disconnect mechanism to quickly unlock the finger assembly for sterilization and reuse. The fingers and associated hardware are made of titanium and are machined on a wire-EDM system. All of the beams are 3 mm wide and 0.9 mm in thickness. The fabricated design shown in Figs. 13 and 14 is a stand-alone unit with its own actuators and controls. Transactions of the ASME 3.5 Summary of Benefits. The compliant mechanism employed in this device relies on controlled elastic deformation of beams to produce high-precision motion and force output. The mechanism has no joints ͑neither conventional nor flexural joints͒, thereby eliminating friction, lubrication, joint backlash, and intricate assemblies. The compliance is distributed throughout the mechanism, avoiding stress-prone flexures.
Recent research indicates that fully distributed compliant mechanisms easily lend themselves to embedded sensing. This can be done by embedding wiring within the mechanism to create a mutual inductance effect ͓24͔. The integration of such sensing with medical devices is a future research interest. Once implemented, it can provide an inexpensive and robust means of providing haptic feedback to a surgeon. Such feedback can guide one as to how much force to apply to an organ or artery and thereby avoid any tissue damage.
Conclusions
The paper highlights some of the benefits of engineered elasticity in the design of surgical instruments for laparoscopic and robot-assisted surgery. The design methodology outlined in this paper is a general-purpose method developed for synthesis of compliant mechanisms. A kidney manipulator was presented to demonstrate the advantages of monolithic, flexible tool: joint-free design and inherent force feedback. The function of the gripper relies on its distributed compliance, which allows the gripper's fingers to be contained within a small-diameter tube thus enabling minimal invasion. The gripping arms have two degrees of freedom and are driven via external cable actuation.
Future work includes integration of actuation and sensing at the design level to enable embedded and distributed sensing with the potential to provide more effective, low-cost haptic feedback. One future goal is to integrate this design with the cable-driven sevendegree-of-freedom positioning of the daVinci Surgical Robot at the University of Michigan. We also seek to increase the dexterity of the individual finger elements of the presented kidney-gripper design. More degrees of freedom will allow for functionality of the fingers beyond mere grasping, such as fine finger-tip manipulation. The combination of improved dexterity and haptic feedback brings the surgical environment one step closer to transparency, where the focus is on the patient and not the technology. combined with intuition to create a topology for a two-degree-offreedom gripper arm. The key insight learned is that each desired degree of freedom requires two beams connected at their distal ends ͑away from the ground͒. If one beam is grounded, then axial loading of the other will put one beam in tension and the other in compression. These opposing forces create a moment leading to curvature of the beam and tip deflection. For two degrees of freedom, we choose a topology with one primary ground beam connected to two actuated beams, both connected to the primary beam away from the ground ͑Fig. 15, top͒. With the middle beam held stationary, the upper and lower beams do not simply counteract each other, but create complex moments within the structure. This allows for more freedom in how the arms wrap around the organ. When both upper and lower arms are pulled, the increased bending moment also increases the relative stiffness and gripping stability. Furthermore, this design only utilizes tensile input forces, allowing for easy incorporation with the cable-operated daVinci system. Material selection is limited by the strict requirements of the application. The material must be generally approved for use within the body. Second, the material stiffness should be high enough to support a kidney with minimal deflection, yet not be so high that the arms cannot bend easily when opening and closing. Finally, the material should have high yield strength to allow for a large range of motion from the closed-tube position to the fully open position. To meet these requirements, we selected Ti-6AL-4V for an initial prototype ͑modulus =110 GPa, yield strength =1034 MPa͒. Alternate materials should be evaluated on their ratio of strength to modulus. For example, Titanium 15V-Cr-3AL-3SN ͑modulus =100 GPa, yield strength =1250 MPa͒ may offer improved performance.
A.2 Topology and Dimensional Optimization. Initial analysis indicated that no configuration would allow the grippers to deform from the fully closed to the fully opened position without overstressing the material. To reduce the required range of motion, the model was reformed so that the neutral position is between the fully closed and fully open positions, as shown in Fig. 16 . This now requires that the arms be flexed to fit inside the tube and stored in a deformed state. The topology was divided into a number of small parametrized beams joined at nodes as seen in Fig.  16 .
The above topology was also parametrized in terms of the width and thickness of each beam. Three arms are placed within the tube in a triangular pattern ͑Fig. 17͒ to give a stable gripping pattern utilizing the smallest number of arms. The chosen configuration determines the design space boundaries for each arm, which for this case are 3 mm maximum width and 10 mm total thickness.
A.3 ANSYS Modeling and Testing. The topology of Fig. 16 and the design domain determined above were optimized via the internal sequential linear programing of ANSYS ͑a commercial finite element analysis software͒ to find where the nodes should be located. The optimizer constraints considered buckling stress and the maximum stresses for the fully open, fully closed ͑inside the tube͒, and gripping positions of the arms. Stresses were well within the yield strength of several types of titanium. The only drawback to this design is the increased stress on the tube, as it is used to keep the arms closed to fit through the 1.5 cm hole.
The results from optimization in ANSYS show that the stress concentrations are located in the bends of the lower and middle beams ͑nodes A and B in Fig. 16͒ . These were straightened to further reduce the maximum stress and to reduce the force re- Transactions of the ASME quired to actuate the arms. After another round of size-and-shape optimization, the final wire-frame design is depicted in Fig. 18 . To open the arms, the top arm requires 2 mm of actuation distance and the bottom requires 4 mm for gripping. The forces required to achieve these distances are dependent on the elastic modulus of the titanium chosen. For the titanium listed above ͑Ti-6-4͒, it requires approximately 35 N to open the arms, and 32 N for gripping the kidney ͑not including the weight of the kidney͒. 40 N actuation motors are used in the prototype to account for kidney weight and any other variables, such as friction. Figure 19 illustrates the final design for one of the gripper arms, with rounded edges and the addition of a flexible gripping surface. The points of the gripping surface are blunted to avoid damage to organ tissue. Figure 20 shows some of the relevant dimensions of the manipulator. Again, the two actuators do not completely oppose each other and can be used to create complex deformation of the gripper. Actuator 1 is used to open the gripper wide around the organ. Although simply releasing actuator 1 will cause the gripper to close on the organ, the additional operation of actuator 2 also causes the gripper to close. Their combination yields two degrees of freedom and better motion control for careful gripping of arbitrary organ shapes.
